A new method is described for locating DNA on ultra-thin sections. Sections of aldehyde-fixed, plastic-embedded cells were incubated in a medium containing terminal deoxynucleotidyl transferase (TdT) and various non-isotopic nucleotide analogues. The labeled nucleotides bound to the surface of ultra-thin sections were then visualized by an indirect immunogold labeling technique. The resulting labeling pattern was strongly dependent on the divalent cation used in the TdT medium. The method revealed with great precision the specific DNA-containing structures within Ehrlich tumor
Introduction
Terminal deoxynucleotidyl transferase (TdT) is an unusual DNA polymerase found only in pre-lymphocytes and at early stages of lymphoid differentiation (Chang and Bollum, 1986) . TdT catalyzes a template-independent addition of deoxyribonucleoside triphosphates to the 3'-OH ends of double-or single-stranded DNA (Bol- lum, 1974) . This reaction is commonly used in vitro to label the 3' ends of doubleor single-stranded DNA with labeled nucleotides and to add homopolymer tails to DNA fragments (Deng and Wu, 1983; Michelson and Orkin, 1982; Roychoudhury et al., 1976) . Early assays also exploited the TdT reaction in development of procedures for in situ detection of DNA molecules. By means of tritiated dATP and autoradiography, calf thymus TdT was shown to bind deoxynucleotide monophosphate to the free terminal 3'-OH group of denatured DNA (Modak and Bollum, 1970) , even after fixation and embedding of the tissue in plastic (Modak et al., 1973) . Adapting this approach for use at the ultrastructural level, Fakan and Modak (1973) observed specific labeling, principally of interphase nuclei, nucleolar regions, mitotic chromosomes, and mitochondria.
In the present study, this method was refined to detect DNA in situ at the electron microscopic level. To overcome the drawbacks Supported by grants from the National Fund for Scientific Research, Belgium (3.4512.90 of autoradiography, notably its low resolution and long exposures, non-isotopic deoxynucleotide analogues and a very sensitive immunogold labeling procedure were employed.
The results obtained show that incorporation of labeled nucleotides into DNA sequences at the surface of ultra-thin sections depends on the divalent cation used in the TdT medium, and is compatible with all usual techniques for fixation and embedding. This high-resolution method provides a powerful tool for pinpointing the precise location of DNA within biological material.
Materials and Methods
Cell Culture. Ehrlich ascites tumor cells (tetraploid line, ELT) were collected from C57 B1 mice bearing the tumor. The cells were then cultured as previously described (Lepoint and Bassleer, 1973) .
Cell Preparation for Electron Microscopy. The monolayer cultures were scraped off the dishes and centrifuged at 350 x g for 3 min to form a pellet. Small fragments of the pellet were fixed at 4°C for 30-120 min in either 4% formaldehyde, 0.2-2.5% glutaraldehyde, 2.5% glutaraldehyde/2% osmium tetroxide, 5% acrolein, or 4% formaldehydelO.l% glutaraldehyde in 0.1 M Sorensen's buffer (pH 7.4). Some 1.6% glutaraldehyde-fixed cells were acetylated as previously described (Wassefet al., 1979) . After washing in Sorensen's buffer, cells were dehydrated through graded ethanol solutions and then processed for embedding in either epon or Lowicryl K4M using the technique of Roth et al. (1981) , or in LR White using the technique of Newman and Jasani (1984) . Ultra-thin sections of the Various blocks were collected in platinum rings (diameter 4 mm) formed by a platinum wire (0.1 mm diameter; SA Johnson Matthey NV, Brussels, Belgium) and stored on distilled water until use. 
THIRY
In situ TdT Reaction. Ultra-thin sections were incubated for 30 min at 37°C on the surface of the following medium: 100 mM sodium cacodylate (pH 6.5), 10 mM P-mercaptoethanol, 2 mM CoC12 or MnC12 or MgC12. 50 pglml bovine serum albumin (BSA), 125 Ulml calf thymus TdT (Boehringer; Mannheim, FRG), and 20 pM 5-bromo-2-deoxyuridine (BUW) triphosphate (Sigma; St Louis, MO) or 4 pM each of biotinyl-11-dUTP (Sigma) and biotinyl-11-dCTP (Enzo Diagnostics; New York, NY). when BUdR triphosphate was used in the TdT medium, ultra-thin sections were again incubated for 30 min at 37°C in the same medium supplemented with 4 pM each of dCTP, dGTP, and dATP (Gibco BRL Ghent, Belgium).
This step was indispensable because it has been demonstrated that the anti-BUdR antibody used in the present study very weakly detects BUdR on single-stranded tails of DNA (Kitazawa et al., 1989) . In some experiments the sections were also first floated for 60 min at room temperature on a saturated solution of sodium metaperiodate.
Detection of labeled nucleotides was performed by means of an indirect immunogold labeling procedure, using either a monoclonal anti-BUdR antibody according to Thiry and Dombrowicz (1988) or goat anti-biotin antibodies according to Thiry (1991) .
BUdR Immunogold Labeling. After two rinses on bi-distilled water, the various sections were incubated for 30 min in PBS (0.14 M NaCl, 6 mM NazHP04. 4 mM KH2P04, pH 7.2) containing normal goat serum (NGS) diluted 1:30 and 1% BSA, then rinsed with PBS containing 1% BSA. The next step of the treatment was 4-hr incubation at room temperature with monoclonal anti-BUdR antibody (Becton Dickinson; Mountain View, CA) diluted 1:50 in PBS containing 0.2% BSA and NGS diluted 1:50. After washing with PBS containing 1% BSA, the sections were incubated at room temperature for 1 hr with goat anti-mouse IgG coupled to colloidal gold (5-10-nm diameter; Janssen Life Sciences, Beerse, Belgium) diluted 1:40 with PBS (pH 8.2) containing 0.2% BSA. After washing with PBS containing 1% BSA, the sections were rinsed in deionized water.
Immunogold Labeling of Biotinylated Nucleotides. After two rinses in bi-distilled water, the different sectionswere incubated for 30 min in PBSB (34 mM NaCI, 0.7 mM KCI, 20 mM Na2HP04, 0.4 mM KH2P04, 1% BSA, pH 7.2) containing normal rabbit serum diluted 1:30. The next step of the treatment was 60-min incubation at room temperature with goat anti-biotin antibodies (Biosys SA; Compiegne, France) diluted 1:500 in PBSB containing normal rabbit serum diluted 1:SO. After four rinses in PBS plus one in PBSB, pH 8.2, sections were transferred to an incubation medium containing rabbit anti-goat IgG coupled to colloidal gold (5-nm diameter, Janssen; or IO-nm diameter, BioCell Research Laboratories, Cardiff. UK) diluted 1:50 in PBSB, pH 8.2, and incubated for 60 min at room temperature. Samples were rinsed with PBSB, then with distilled water.
Finally, the ultra-thin sections were mounted on nickel grids and stained with uranyl acetate and lead citrate before examination in a Jeol CX 100 electron microscope at 60 kV. Some grid-mounted sections were preferentially stained for ribonucleoproteins by EDTA regressive staining (Bernhard, 1969) .
Several kinds of control experiments were carried out. First, TdT or labeled nucleotides were omitted from the TdT medium. In a second control, BUdR triphosphate was replaced by BUdR monophosphate. Third, the Lowicryl-embedded cell sections were pre-incubated at 37'C for 120 min with 1 mglml DNAse I (Sigma; type DN-Ep) in PBS (0.14 M NaCI, 6 mM Na2HP04, 4 mM KH2P04, pH 6.8) containing 7 mM MgC12. Other sections were pre-incubated at 37°C either with 3 mglml trypsin (Sigma) in 0.05 M Tiis containing 5 mM CaC12 (pH 8) for 30 min or with 10 mglml Pronase (Boehringer) in 0.05 M Tris (pH 6.8) for 10 min or with 0.1 mglml protease from Baczlluspo(ymyw (Boehringer) in 0.1 M Sorensen's buffer (pH 7.3) for 30 min. In the fourth control, the primary antibody was omitted. Finally, the grids were incubated with antibody-free gold particles.
Ultra-thin sections of aldehyde-fixed, plastic-embedded Ehrlich tumor cells were incubated in media containing TdT and different non-isotopic nucleotide analogues. Subsequently, the labeled nucleotides bound at the surface of ultra-thin sections were revealed by an indirect immunogold labeling procedure. Under these conditions, we essentially observed nuclear labeling (Figures 1-8 ). Gold particles were particularly abundant over the condensed chromatin of the nuclear periphery and the perinucleolar region. In addition, label was also present in the nucleoplasmic spaces between the heterochromatin blocks. Inside the nucleoli (Figures 1, 3, and 4) , in addition to the intense labeling over the perinucleolar condensed chromatin blocks and their intranucleolar invaginations in close contact with the fibrillar centers, gold particles were consistently detected over the fibrillar centers, preferentially towards their periphery. The dense fibrillar component and the granular component of nucleoli were devoid of label. The cytoplasm, except for a few mitochondria, remained free of gold particles (Figures 2 and 3) . The resin also remained gold free. During mitosis, the chromosomes were selectively labeled ( Figure   9 ). The results were similar whatever the type of fixation and embedding procedure and whether labeling involved biotin or BUdR. .. ' . :
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14 . lmmunodetection of BUdR triphosphates bound at the surface of Ehrlich tumor cell sections after incubation with media containing TdT and MnC12 (Figure 12), CoC12 (Figure 13) , or MgC12 ( Figure 14) . C, condensed chromatin; NE, nuclear envelope; P, cytoplasm. Bars = 0.2 pm.
Moreover, the labeling pattern was identical for ultra-thin cell sections selectively stained by cytochemical methods such as acetylation ( Figure 10 ) or EDTA regressive staining (Figure 11 ). Label was distributed identically regardless of the gold particle diameter, although the labeling intensity was lower for 10-nm particles than for 5-nm particles. However, considering that the label was more visible with the larger gold particles, we have illustrated our results with 10-nm gold particles.
The intensity of labeling varied according to the divalent cation used in the TdT medium. When Co2+ or Mn2+ ions were used (Figures 12 and 13 ) the condensed chromatin blocks of all interphasic nuclei, generally associated with the nuclear envelope, were strongly labeled, whereas only slight labeling of this material was observed in the presence of Mg2+ ions (Figure 14) .
The specificity of the TdT reaction was tested in several ways. When TdT or labeled nucleotides were omitted from the TdT medium, the ultra-thin sections were devoid of label. Likewise, no labeling was observed when BUdR triphosphate was replaced by BUdR monophosphate. The specificity of the DNA labeling was also tested in several ways. When sections of Lowicryl-embedded cells were incubated with trypsin, pronase, or protease, the labeling persisted (Figure 15 ). It was completely abolished, however, when DNA was specifically digested with DNAse I.
The immunolabeling specificity was also tested. When the primary antibody was omitted, no labeling occurred. Gold lacking the antibody tag did not bind to the sections.
To determine the location of the labeled structures on or within a section, cross-sections through double-labeled and re-embedded sections were also performed. Semi-thin sections (0.5 pm) of glutaraldehyde-osmium-fixed and epon-embedded cells were floated on a droplet containing TdT and BUdR triphosphate, fol-lowed by the anti-BUdR antibody and secondary antibodies coupled to 5-nm gold particles. Once the first labeling was achieved, the sections were deposited on a polymerized epon layer and the second face of the sections was then labeled according to the same protocol, using secondary antibodies coupled to 10-nm gold particles. Under these conditions (Figure 16) , labeling occurred exclusively at the surfaces of the sections; large gold particles were restricted to one face of the cell sections, while the small ones were restricted to the other face.
Discussion
In the present study, we have developed the in situ TdT method at the ultrastructural level to pinpoint the precise location of DNA within biological material.
Specific high-resolution labeling was consistently observed over DNA-containing structures. Labeling is apparently independent of the condensation state of the chromatin, since the method labels not only chromosomes and the condensed chromatin blocks but also the dispersed chromatin of interphase nuclei. Moreover, it labels structures where DNA is present in very low amounts, such as mitochondria and the fibrillar centers of nucleoli (Scheer et al., 1987) .
In previous experiments based on immunocytochemical techniques, on the other hand, selective masking or configurational alterations of antigenic determinants have been known to produce negative results, even when the antigen was present at the surface of the section.
We also show that the labeling distribution is affected by the divalent cation used in the TdT medium; the labeling intensity is lower for Mg2+ ions than for Co2' or Mn2' ions. In previous biochemical experiments, TdT exhibited a marked preference for single- stranded DNA with a 3'-hydroxyl terminus or double-stranded DNA with a protruding 3'-hydroxyl terminus (Deng and Wu, 1983; Roychoudhury et al., 1976) . However, Roychoudhury et al. (1976) adopted a CO*+-containing buffer that enabled TdT to add tails to all types of 3' termini of duplex DNA (even end, 3'-protruding end. and 3'-recessive end). On the other hand, Deng and Wu (1983) indicated that for DNA with either even ends or 3'-recessive ends, CoCl2 buffer gives higher dficiency in dA and dT tailing, whereas in dC or dG tailing MnC12 buffer provides higher efficiency and a more uniform tail length. Accordingly, it seems that sectioning favors the appearance of DNA molecules with even ends or 3'-recessive ends at the surface of ultra-thin sections.
The TdT method is applicable to ultra-thin sections of cells fmed with glutaraldehyde, formaldehyde, glutaraldehyde/formaldehyde, glutaraldehyde/osmium, or acrolein, whether embedded in epon.
Lowicryl K4M, or LR White. It is further compatible with cytochemical stainings. such as acetylation or EDTA regressive staining, that make it possible to intensify the contrast between some of the various nuclear compartments. The in situ TdT technique thus offers the possibility of studying the precise location of DNA in very wellpreserved and readily recognizable structures.
On the other hand, plastic transverse sections demonstrate that immunogold labeling is exclusively confined to the surface of the sections. This result is in total agreement with previous observations showing that only antigenic determinants present at a section's surface are accessible to immunoglobulin-gold complexes (Stierhof and Schwarz, 1988; Bendayan et al., 1987; Stierhof et al., 1986; Bendayan and Stephens: 1984) . Consequently, as for all immunogold labeling techniques, only DNA present at the surface can be revealed.
In conclusion, this new method presents several advantages. In addition to being highly sensitive and specific, it offers higher resolution and is less time consuming than autoradiographic techniques. Furthermore, contrary to the different in situ DNA detection techniques developed until now, it is compatible with all usual fixation and embedding procedures and thereby makes it possible to pinpoint the precise location of DNA under conditions that optimally preserve the structure to be studied. This technique should be useful for identifying and locating DNA within the cell.
